Stress has been identified as a major causal factor for many mental disorders. However, our knowledge about the chain of molecular and cellular events translating stress experience into altered behavior is still rather scant. Here, we have characterized a murine ortholog of the putative tumor suppressor gene DRR1 as a unique stress-induced protein in brain. It binds to actin, promotes bundling and stabilization of actin filaments, and impacts on actindependent neurite outgrowth. Endogenous DRR1 localizes to some, but not all, synapses, with preference for the presynaptic region. Hippocampal virus-mediated enhancement of DRR1 expression reduced spine density, diminished the probability of synaptic glutamate release, and altered cognitive performance. DRR1 emerges as a protein to link stress with actin dynamics, which in addition is able to act on synaptic function and cognition.
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S tressful situations evoke a plethora of molecular and cellular processes used by the organism to optimize biological fitness. However, they can also trigger deleterious effects on the brain (1) . Because excessive or prolonged stress exposure has been associated with the development of a variety of diseases, including affective disorders, major research efforts aim at deciphering protective factors and those predisposing to development of stress-associated diseases.
Molecular and cellular correlates of stress-induced cognitive (mal)adaptation (2) have been localized mainly to the hippocampal formation and include changes in neuronal network dynamics and neuronal architecture (3) . One of the most consistently observed effects following repeated stress exposure is dendritic remodeling of CA3 hippocampal pyramidal neurons, including a reduction in synapse number (4) . Although reorganization of cytoskeletal proteins, in particular modulation of actin dynamics, has been recognized as an important process influencing synaptic function (5), molecular players translating stressful environmental stimuli into adaptive changes in synaptic plasticity and neuronal functioning remain largely unknown.
We recently identified the murine ortholog of DRR1 (downregulated in renal cell carcinoma 1, also known as TU3A and Fam107A), a gene described originally as a tumor suppressor gene (6) , as a putative stress-regulated gene in the brain (7) . Here we present DRR1 as a stress-responsive protein that binds to and remodels actin. In addition, DRR1 has the potency to impact on neuroplasticity and synaptic function and to modulate hippocampus-dependent cognitive processes.
Results
Up-Regulation of the Tumor Suppressor DRR1 in the Brain by Stress and Glucocorticoids. A microarray study indicated that DRR1 is a strongly up-regulated gene in the neonatal mouse brain in response to the robust stressor maternal separation (7). We first validated its stress dependency in the brain by in situ hybridization. Following 24 h of maternal separation, DRR1 mRNA expression was significantly increased in the hypothalamic paraventricular nucleus (PVN) and the CA3 region of the hippocampus (Fig. 1A) . In the adult mouse brain, we observed a strong basal expression in the septum, the neocortex, the CA3 region of the hippocampus, and the cerebellum on mRNA (Fig. 1B ) and protein level ( Fig. S1 A-C). Stress responsiveness of DRR1 in the PVN and in the CA3 region was found also in adult mice by applying 24 h of food deprivation (Fig. 1C) , a stressor that is comparable in duration and intensity to the maternal separation paradigm.
To test whether stress increases DRR1 expression via glucocorticoids, which constitute the end point of the prevailing physiological stress hormone cascade, we treated adult animals with the synthetic and selective glucocorticoid receptor (GR) agonist dexamethasone. This resulted in a significant increase of DRR1 expression in the PVN and in the CA3 region 8 h after injection compared with vehicle-treated controls on the level of mRNA and protein (Fig. 1D) . Moreover, treatment with the GR antagonist RU486 completely abolished induction of DRR1 in the PVN during both postnatal maternal separation and food deprivation in adult animals (Fig. S1D) .
GR may target DRR1 either indirectly via impacting on other transcription factors or directly via binding to glucocorticoid response elements (GREs) in regulatory regions of the gene. We identified conserved GREs and tested the three with the highest conservation, located in the promoter, intron 1, and 3′ UTR of DRR1, for binding to recombinant GR. All three GREs indeed specifically bind to the receptor in vitro (Fig. S1E) , indicating their functionality. DRR1 Binds to, Stabilizes, and Bundles F-Actin. The DRR1 protein is highly conserved within vertebrates and features a yet-uncharacterized domain (Fig. S2A ), but its molecular actions are unknown. We first identified the protein interaction partners of DRR1 as a route to eventually unravel its molecular functions. DRR1-FLAG was overexpressed in HEK-293 cells and immunoadsorbed, and among the coprecipitated proteins we identified peroxiredoxin-1 (Prdx1) and β-actin using mass spectrometry ( Fig. 2A) . Western blot analysis verified the interactions of DRR1 with Prdx1 and β-actin in vitro (Fig. S2B ). In addition, interaction with actin was confirmed by cosedimentation with Factin (Fig. 2B) , and further coimmunoprecipitation experiments indicated that GFP-DRR1 interacted with actin indistinguishably from FLAG-DRR1 (Fig. S2B) . Evaluation of protein interaction in vivo by expression of GFP-tagged DRR1 in NIH 3T3 cells and immunocytochemistry revealed no colocalization with Prdx1 (Fig. S2C) . However, DRR1 strongly colocalized with F-actin ( Fig. 2C ; correlation coefficient 0.872; details in Fig. S2 D and E). Moreover, enhanced DRR1 expression was correlated with increased F-actin-rich structures (Fig. 2D) .
The apparent increase in F-actin in GFP-DRR1 overexpressing cells prompted us to assess a potential influence of DRR1 on actin polymerization. We first investigated the ability of DRR1 to influence polymerization of globular actin to Factin. DRR1 was expressed and purified as fusion protein to maltose-binding protein (MBP) (Fig. S3A) . Interaction of MBP-DRR1-FLAG with actin was verified in lysates from HEK-293 cells (Fig. S3B) . We followed the kinetics of filament assembly via the increase in fluorescence of pyrene-labeled actin upon polymerization. Addition of DRR1 somewhat prolongs the lag phase of actin polymerization at certain concentrations (Fig. 3A,  Inset) . It also leads to a moderate increase in fluorescence toward the end of the reaction in a dose-dependent manner (Fig.  3A) . The effect size of increased F-actin is difficult to assess in this readout because we cannot exclude the possibility that enhanced light scattering due to the formation of actin bundles has some influence on the overall fluorescence measurement. DRR1 had no effect on pyrene-actin fluorescence during the 10-min incubation before starting the polymerization.
Because the net amount of F-actin represents equilibrium of the assembly and disassembly reactions, we investigated whether DRR1 stabilizes F-actin filaments. Preformed actin filaments were diluted to induce breakdown of filaments. In the presence of DRR1, the net amount of F-actin was higher than in the control at certain concentrations, suggesting a stabilizing influence of DRR1 on actin filaments (2.3 and 1 μM actin; Fig. 3 B and C and Fig. S3C ).
Microscope analysis of the structures produced in the pyreneactin assay (Fig. 3A ) indicated bundling activity of DRR1 (Fig.  S3D ). Similar structures were observed when Alexa568-labeled actin and total internal reflection fluorescence (TIRF) microscopy was used (Fig. S3E ). To investigate this more thoroughly, we analyzed the effect of adding DRR1 protein to already formed Factin under various conditions. This setting more closely resembles the in vivo situation, where DRR1 is up-regulated after stress with substantial amounts of F-actin already being present. TIRF microscopy revealed that, in the absence of DRR1, most of the filaments were short and thin, whereas DRR1 induced the formation of extended, thick filaments (Fig. 3D ). This effect already started to appear after 5 min (Fig. 3E) . Thus, the apparent increase in Factin in cells may be due to the bundling capability of DRR1.
DRR1 Localizes to Neurites and Affects Neurite Outgrowth in Vitro.
To reveal the subcellular localization of DRR1, we stained primary neuronal cultures from rat hippocampus, the forebrain region with the highest expression of DRR1 (Fig. 1) . The cultures were maintained for 3-4 wk to allow for development of the neuronal structures that most commonly form in primary cells. DRR1 staining produced a punctate pattern along neurites, colocalizing with actin (Fig. 4A , correlation coefficient = 0.813; details in Fig. S4B ). A similar distribution was revealed in cerebellar primary neurons (Fig. S4A) . Furthermore, we also observed a partial overlap with synapsin, which suggests that DRR1 localizes to some, but presumably not all, synapses ( ingly, correlation coefficients vary between 0.1 and 0.8, depending on which subregion of the neurites is analyzed (Fig. S4B) . To visualize DRR1 localization at higher resolution in the hippocampal CA3 via electron microscopy, we performed double immunogold labeling together with synaptophysin. DRR1 was shown to be predominantly presynaptic (Fig. 4C) . Analysis of 48 images (total area assessed was 610 μm 2 ) revealed that 62% of the examined giant boutons (n = 112) were positive and colabeled with the presynaptic marker synaptophysin, whereas only 23% of the postsynaptic thorns were DRR1 positive.
Neurite outgrowth requires reorganization of actin filaments and thus might be affected by DRR1, given its potency to modulate actin dynamics. To reveal the effects of enhanced levels of DRR1 on the development of neuronal processes, we used ectopic expression of DRR1 from transfected plasmids and extended the study to the murine neuroblastoma cell line Neuro2a (N2a), an established model sensitive to alterations in actin dynamics (8) . GFP-DRR1 did not change N2A cell morphology in regular medium containing 10% FCS (Fig. S4C) . However, upon induction of differentiation in N2A cells, GFP-DRR1 caused a steep decrease in the development of neurites (Fig. 4D and Fig. S4C ). Both the number of cells developing neurites and the neurite length (Fig. 4D) were reduced significantly. This effect is not due to general toxicity (Fig. S4 F and G) and is specific for DRR1 because expressing GFP alone did not show any significant influence on neurite formation (Fig. S4C ). N2A cells expressing GFP-DRR1 also showed an increase in punctuate F-actin accumulation (Fig. 4D ). Both at 0.1% FCS (Fig. 4D ) and at 10% FCS (Fig. S4E ), DRR1 expression led to an increase of Factin, which was even more pronounced than in NIH 3T3 cells (cf. Fig. 2D ). This suggests that enhanced DRR1 levels change actin organization, leading to reduced neurite outgrowth.
We also analyzed primary hippocampal neurons 36 h after in vitro cultivation, when structures are still being built up. Endogenous DRR1 localized strongly to the ends of the outgrowing protrusions (Fig. 4E) . When these primary neurons were transfected before cultivation, the development of outgrowing protrusions was severely impaired (Fig. 4F ). This does not indicate a neurite-destructive activity of DRR1 because DRR1 transfection of primary neurons with already developed neurites, as well as using an inducible expression system turning on DRR1 expression in developed N2A cells, did not reveal an effect on neurites (Fig. S4D) . Thus, DRR1 does not degrade neurites, but profoundly affects actin-dependent structural reorganization in cells.
DRR1 Influences Synaptic Function and Complex Behavior. To delineate the contribution of increased DRR1 levels to the overall stress-induced events, we stably increased DRR1 expression in the hippocampus using an adeno-associated viral vector (Fig. 5A) . The magnitude of DRR1 overexpression was comparable to that found after food deprivation or dexamethasone treatment on the mRNA as well as on the protein level ( Fig. 1 and Fig. S5A ). GolgiCox staining revealed a significant reduction of spine density on apical dendrites of CA3 and CA1 pyramidal neurons of mice with increased DRR1 expression (Fig. 5B) . This finding, together with the predominantly presynaptic localization of DRR1 (Fig. 4C ) and its enhancing effect on actin polymerization and bundling (Fig. 3) , led us to hypothesize that elevated DRR1 expression might also reduce synaptic neurotransmitter release. The reported increased probability of neurotransmitter release at excitatory hippocampal synapses upon depolymerization of presynaptic actin (9) also supported the hypothesis of an opposite effect of DRR1. We tested the hypothesis by field excitatory postsynaptic potential (fEPSP) recordings performed in acute brain slices from mice with enhanced DRR1 levels. Consistent with a reduced probability of synaptic neurotransmitter release, increasing DRR1 enhanced paired-pulse facilitation at CA3-CA1 synapses at in- terstimulus intervals of 25, 50, and 100 ms (Fig. 5C) and caused a shift of input-output curves toward smaller fEPSP amplitudes (Fig. 5D) . Furthermore, enhancing DRR1 levels reduced the magnitude of long-term potentiation (LTP) (Fig. 5E) .
The DRR1-induced changes in spine density and synaptic function in hippocampal slices (Fig. 5) prompted us to test the hypothesis that DRR1 may also play a role in the execution of stress effects on hippocampus-dependent cognitive function. Enhanced DRR1 expression had no obvious negative effects on the animals. Furthermore, we did not detect any alteration in locomotor activity, either under home-cage conditions or in an open field arena (Fig. S5 B and C) . In the Y-maze test for hippocampus-dependent spatial memory, enhanced DRR1 expression prolonged the time animals remembered the acquisition setting (Fig. 6A) . This finding is supported by another hippocampus-dependent test, the object relocation test. Here, animals with enhanced DRR1 expression distinguished between the replaced and the nonreplaced object following a 30-min intertrial interval, whereas the controls did not (Fig. 6B) . In the Morris water maze, the animals behaved normally, and there were no significant differences in the acquisition of the task (Fig. S5D) . However, animals with enhanced expression of DRR1 showed a significantly improved cognitive flexibility in the reversal learning task (Fig. 6C) . Thus, DRR1 not only affects synaptic function, but intriguingly, also improves cognitive performance, despite its suppressive effect on LTP.
Discussion
Deciphering the molecular players is paramount to understanding how stress ultimately leads to changes at the behavioral level. We identified DRR1 as a stress-and glucocorticoid-responsive protein that impacts on F-actin formation, providing a direct molecular link between stress and actin-dependent processes. DRR1, moreover, is able to modify synaptic efficacy and to improve cognition. DRR1 was proposed previously as a tumor suppressor and is thus another example of a multifunctional protein. Given the importance of actin filament reorganization in mitosis and cancer (10), the elucidation of DRR1's molecular function as an actin modulatory factor may also provide further insights into its role in tumorigenesis (11) .
As a major cytoskeletal protein expressed in pre-and postsynaptic structures, actin is a key molecule for shaping neuronal morphology and function. DRR1 has the potential to directly affect information processing of single neurons by altering the interplay between presynaptic elements and dendritic spines. Modulation of actin dynamics may thus function as a highly effective way to control synaptic efficacy and complex behavior (5, 12) .
Mechanistically, we consider it unlikely that DRR1 acts indirectly on actin, as we observed the bundling effect with purified recombinant DRR1 and purified actin preparations. DRR1 may instead act similarly to the known actin cross-linking proteins β-actinin, filamin, or spectrin (5, 13), with either two binding sites for actin or the ability to dimerize. Our in silico search revealed also a predicted coiled coil region, pointing to the possibility of the protein to dimerize or even oligomerize (Fig. S2A) .
DRR1 RNA levels are highest in brain (14) . Its brain regionspecific expression and stress regulation suggests a rather distinct function, which may be additionally under epigenetic control (6) . Of particular relevance to stress physiology is the prominent expression and induction of DRR1 in the hippocampus, as this brain region is particularly rich in corticosteroid receptors and critically influences the stress hormone cascade and cognition (1) . The use of a viral expression system allowed us to specifically mimic the stress-induced increase of DRR1 in this brain region, thereby distinguishing its effects from those of the plethora of other stress-induced factors (15) .
Enhancing DRR1 reduced the number of spines. A similar reduction in the number of spines is induced after stress exposure in rodents (16) and in depression in humans (17) . Because enhanced levels of DRR1 in neuronal cells hampered neurite outgrowth, but had no effect on already developed neurites, it is likely that DRR1 affects the formation and stability of spines, a process recently discovered as essential for learning and memory (18) (19) (20) . Thus, DRR1 can influence actin dynamics in axon growth and spine dynamics, processes that occur at different developmental stages but that are based on remarkably similar molecular mechanisms (21) . In general, the timing and magnitude of DRR1 increase might be crucial, and-similar to stress-long-term exposure may also have maladaptive consequences.
By changing actin dynamics, presynaptic DRR1 has the ability to use an efficient way to impact on the efficacy of neurotransmitter release (9) and adds to the emerging concept of regulation of actin dynamics as a pivotal element in controlling dendritic structure and synaptic transmission (22) . For example, latrunculin A-a substance that, by promoting actin depolymerization, exerts an effect on actin dynamics opposite to that of DRR1-also caused the opposite electrophysiological effects, i.e., a decreased paired-pulse ratio and an increased input-output relationship (9) . In hippocampal synaptic boutons, vesicle mobility has been shown to be increased upon depolymerization of F-actin (9) . We therefore hypothesize that DRR1 reduces the likelihood of synaptic vesicles being recruited into the readily releasable pool at the presynaptic terminal.
It is not unexpected that a multifunctional, actin modulatory protein impacts on cognition (23) . However, although there are numerous ways to disrupt memory, factors enhancing cognition have rarely been identified and are of great interest (24) . Enhancement of DRR1 in the hippocampus produced increased cognitive capacity and flexibility, as indicated by our data from the Morris water maze, the Y-maze, and the object relocation test. The exact molecular mechanism of DRR1 in enhancing memory still remains to be elucidated in detail, in particular because the combination with the structural and electrophysiological alterations induced by enhanced DRR1 levels is rather unusual. Improved memory is often associated with increased LTP (25) . However, there is also evidence that hippocampal LTP in brain-slice preparations does not fully picture the in vivo processes underlying learning and memory (26) . For example, mice lacking the AMPA receptor subunit GluR1 have deficits in LTP at CA3-CA1 synapses, but display normal spatial reference memory (27) . Thus, although decreased LTP in slices from mice with enhanced levels of DRR1 indicates an impact of DRR1 on hippocampal long-term synaptic plasticity, the data cannot be directly correlated to the behavioral phenotype of the animals.
It is notable that the F-actin-stabilizing capability of DRR1 did not affect memory acquisition, but is apparently important during consolidation or retrieval. Therefore, DRR1 may be involved in mediating the observed time-and context-dependent positive effects of stress on cognition (28, 29) .
In sum, among a number of actin-binding proteins (30), DRR1 is specified by its stress-regulation. We suggest it as a candidate protein that translates experience of stressful life events into cellular and structural adaptive mechanisms and the modulation of complex behavioral traits. This proposed molecular route in stress adaptation has to be considered when designing compounds and regimes for drug treatment to prevent activity-dependent, longterm changes in transducing and suppressive systems for stress.
Materials and Methods
Detailed information on experimental procedures is provided in SI Materials and Methods.
Animal Stress Experiments. Male C57/Bl6N mice were used for all experiments. Maternal separation took place commencing at postnatal day 8 for 24 h. For food deprivation, animals were placed in a new cage without access to food 24 h before testing.
Behavioral Analyses. In the Y-maze test, the animals were allowed to explore two of the three arms for 10 min. After a 15-, 30-, or 60-min intertrial interval (ITI), a second trial was conducted during which all three arms were accessible for 5 min.
In the spatial object relocation task, the animals explored an open field arena, equipped with two identical aluminum cubes, two times for 10 min with a 15-min ITI. During a 5-min retrieval, 30 min following the last acquisition trial, one of the objects was moved to the opposite corner.
In the water maze, the training phase consisted of four trials each on three consecutive days (ITI 10 min). Probe trial was on the following day without platform for 1 min. Cognitive flexibility was tested in a four-trial reversal learning task with a different platform location.
Neurite Outgrowth. Neurite formation in N2A cells were induced by serum withdrawal 24 h after transfection, and neurite length was determined 24 h later (ImageJ). For neuronal polarization, hippocampal neurons were transfected at seeding day and analyzed 2 d later.
F-Actin Cosedimentation. F-actin was formed in vitro by addition of filamentpromoting buffer to purified nonmuscle β-actin. For filament breakdown assays, either F-actin was formed and diluted in the presence or absence of DRR1 or F-actin was incubated with DRR1 before dilution. F-actin was separated from G-actin by ultracentrifugation.
Pyrene-Actin Assay. Actin polymerization was measured by monitoring the change in fluorescence intensity of 4 μM of partially (10%) pyrene-labeled actin. Polymerization reactions were performed at 25°C and initiated by adding 0.5× filament promoting buffer.
F-Actin Visualization. Fluorescent F-actin was visualized by total internal reflection microscopy. A total of 1 μM AlexaFluor-568-labeled actin (20% label) was polymerized at 25°C. Different molar ratios of DRR1 to actin or buffer only were added to the preformed F-actin as indicated.
Viral Overexpression of DRR1. Adeno-associated bicistronic AAV1/2 vector was used for viral expression of DRR1 together with GFP or with GFP alone as control. Twelve-week-old mice were bilaterally injected in the dorsal hippocampus with 1 μL of either AAV-DRR1 or AAV-EGFP. Testing started 4 wk later.
Electrophysiology. Coronal slices containing the dorsal hippocampus (350 μm) were prepared from DRR1 overexpressing or control mice (n = 6, two to three slices from each animal). Recordings were in artificial cerebrospinal fluid at 25°C. Square-pulse electrical stimuli (0.066 Hz, 1-6 V, 50 μs) were delivered within the stratum radiatum of the CA1 region, and evoked fEPSPs were recorded. LTP was induced by high-frequency stimulation (100 stimuli at 100 Hz). The paired-pulse ratio was calculated as fEPSP2 amplitude/fEPSP1 amplitude.
